Introduction
Primary central nervous system lymphoma (PCNSL) is a highly aggressive disease with rising incidence over the past 30 years. 1, 2 High-dose methotrexate (MTX) combined with high-dose cytarabine (AraC) is currently regarded standard treatment. 3 It has been suggested that consolidating whole brain radiotherapy has no additional benefit regarding overall survival (OS) after high-dose MTX alone or in combination with ifosfamide, 4 nevertheless ongoing trials compare whole brain radiotherapy with high-dose chemotherapy followed by autologous stem cell transplantation (auto-SCT)
as consolidation (NCT01011920, NCT00863460). Similar to other hematological diseases, the rationale for consolidation in PCNSL is the elimination of minimal residual disease. Beside whole brain radiotherapy, the application of high-dose chemotherapy with carmustine (BCNU) and thiotepa followed by auto-SCT has been shown to be feasible and highly effective in newly diagnosed eligible patients, but also in the salvage situation. [5] [6] [7] [8] Two international prognostic scores have been developed to predict outcome in PCNSL: (i) the International Extranodal Lymphoma Study Group (IELSG) score, which distinguishes three prognostic groups based on serum lactate dehydrogenase (LDH), age, Eastern Cooperative Oncology Group (ECOG) performance status, involvement of deep brain structures (periventricular regions, basal ganglia, brainstem, and/or cerebellum), and cerebrospinal fluid (CSF) protein concentration, 9 and (ii) the Memorial Sloan Kettering Cancer Center (MSKCC) score, which also distinguishes three groups but only according to age and Karnofsky Performance Status (KPS). 10 In recent years, several other factors such as serological markers, tumor characteristics, and pharmacokinetic MTX parameters have been proposed to potentially identify risk groups, [11] [12] [13] [14] but most of these findings still lack external validation from larger cohorts. Due to improved therapy and supportive care, risk factors are likely to change over time, and it is unclear whether the established risk models still predict prognosis in selected patients who received high-dose chemotherapy followed by auto-SCT. In this retrospective multicenter study we investigated survival rates and the prognostic relevance of baseline risk factors in PCNSL patients who underwent highdose chemotherapy followed by auto-SCT as first-line consolidating therapy. 
Design and Methods

Patient selection criteria and data collection
Eligibility criteria for inclusion into this retrospective multicenter analysis were: (i) a novel histologically or cytologically-proven PCNSL, (ii) exclusion of systemic lymphoma manifestation by computerized tomography body scan and bone marrow examination, (iii) no evidence of immunodeficiency, (iv) completed high-dose chemotherapy followed by auto-SCT application for first-line therapy. In the present analyses, we pooled individual patient data from different sources: Data of 34 patients were from one pilot and one phase II trial 6, 7 conducted between 1998 and 2003. Data of further eligible patients from Freiburg University Hospital, who were treated before or after these trials, were extracted from the electronic patient documentation system. Patient data from 11 cooperating German centers were collected using a pre-specified case report form that recorded anonymized data about patient and tumor characteristics at baseline, treatment, toxicity, transplantation-specific data, objective response, site and date of relapse or progression, neurotoxicity, progression-free survival (PFS) and OS (altogether N=36 variables). All identified eligible patients from the cooperating centers were included. Having received these sheets, data were checked for consistency purposes and queries rechecked with the corresponding investigational site before entering the data in our central database.
The 34 patients from the pilot and phase II trials provided written informed consent for the performance of institution initiated research studies and specifically for analyses of clinical outcome studies according to our institutional review board guidelines (Freiburg University Medical Center). The remaining 71 patients provided informed consent for the documentation of clinical and therapeutic data and the use for scientific publication in anonymous form. Our local ethics committee approved the study protocol.
PCNSL assessment
Baseline examination before treatment and response assessment during treatment were carried out using gadolinium-enhanced brain magnetic resonance imaging (MRI) scans evaluated by one experienced (neuro-) radiologist. We used baseline status and response assessments as documented in the clinical routine. Baseline MRI was obtained before initiating therapy and remission status was defined in the absence of glucocorticoid use. Complete remission (CR) was defined as the disappearance of all signal enhancements in MRI. Partial remission (PR) was defined as a 50% or more reduction in tumor size compared to baseline. Progressive disease (PD) was defined as 25% or more increase in tumor size or appearance of any new lesion. All other situations were considered as stable disease (SD).
Statistical Analysis
Our main outcomes of interest were OS (time from diagnosis to death) and PFS (time from diagnosis to progress, relapse or death; whichever occurred first). Both endpoints were estimated using the Kaplan-Meier method; follow-up was estimated using the inverse Kaplan-Meier method. 15 For our primary multivariable analysis, we pre-specified the following baseline characteristics to investigate their impact on PFS and OS: KPS, age (both as continuous variables), involvement of deep brain structures (yes versus no), and elevated LDH serum level (yes versus no). We used a Cox proportional hazard regression model for these prognostic analyses (assumption of proportional hazards was investigated using the Grambsch-Therneau test). Results are presented as adjusted and unadjusted hazard ratios with 95% confidence intervals (CIs) and p-values. Patients with missing data of either of the 4 baseline characteristics (N=28) had to be excluded from the multivariable analyses.
To illustrate the predictive value of the MSKCC score, we categorized patients accordingly 10 and calculated corresponding Kaplan-Meier plots. For exploratory purposes we also calculated PFS and OS probabilities for rituximab (yes versus no), whole brain radioation therapy (yes versus no), and remission status before high-dose chemotherapy followed by auto-SCT (CR versus PR). Calculations for these exploratory analyses were only of descriptive nature and have not been statistically tested.
All tests of significance were two-sided and P<0.05 was considered significant. Statistical analyses were carried out using STATA version 12.2 (StataCorp LP, Texas, USA). 
Results
Patients' characteristics and therapeutic management
Treatment related mortality
Overall treatment-related mortality associated with high-dose chemotherapy followed by auto-SCT was observed in 3 of 105 patients (2,8%). All of them died early within 100 days after auto-SCT due to fatal infectious complications during neutropenia.
Survival and risk factor analysis
After a median follow-up of 47 months, 77/105 patients (73%) were alive. Median PFS and OS were reached after 85 months and 121 months, respectively (figures 1 and 2). Results of the multivariable analysis regarding the main outcomes PFS and OS are summarized in table 4. The small P value of the factor age suggests some evidence of a higher risk of progression or death with increasing age. All other risk factors were not significant. The MSKCC prognostic classification system did not identify significant survival differences (figure 3).
Impact of whole brain radiation therapy, rituximab, and response status on OS and PFS
Follow-up times between patients who received whole brain radiation therapy as consolidation (N=36, median 109 months) and those who did not (N=66, median 21 months) differed strongly, thus we explored the survival rates in these groups only descriptively. In 3 patients, information about potential consolidating whole brain radiation therapy was not available. Of those patients who received whole brain radiation therapy as consolidation 18/36 were irradiated being in CR, 18/36 were in PR (table 2) .
Two and 5-year OS rates were 85% (95% CI, 68% -93%) and 82% (95% CI, 63% -91%) in the group who received whole brain radiation therapy, respectively. In the 66 patients without whole brain radiation therapy, corresponding OS rates were 82% (95% CI, 68% -90%) and 77% (95% CI, 61% -88%). Similar to whole brain radiation therapy, the follow-up times between those patients who received rituximab (N=45) and those who did not (N=60) differed too much, thus survival probabilities
were not statistically compared. Two and 5-year OS rates for patients who received rituximab were both 84% (95% CI, 68% -93%). For patients not receiving rituximab, corresponding OS rates were 82% (95% CI, 70% -90%) and 78% (95% CI, 65% -87%). Similar results are seen for PFS: with rituximab 70% (95% CI, 52% -83%), and without rituximab respective 77% (95% CI, 64% -86%) and 71% (95% CI, 57% -81%). In Patients achieving CR before high-dose chemotherapy followed by auto-SCT, OS rate was 89% (95% CI, 0.73 -0.96) after 2 and 5 years. Those patients only achieving PR before high-dose chemotherapy followed by ASCT revealed a 2 and 5-year OS of 85% (95% CI, 0.67 -0.93) and 77% (95% CI, 0.58 -0.89). Similar rates were seen for PFS.
Discussion
To the best of our knowledge, this is the largest cohort reporting data of PCNSL patients who underwent high-dose chemotherapy followed by auto-SCT for first-line therapy. The remarkably high efficacy of this approach is reflected by a response rate of 95% and median overall survival rates of around 10 years.
Similar to the International Prognostic Index for systemic high-grade lymphoma, 16 patient-specific characteristics, namely age and performance status, have been shown to be robust prognostic factors in PCNSL over recent decades. [17] [18] [19] They are also the fundamentals of the MSKCC prognostic score. 10 In addition, the IELSG score takes specific tumor-spreading characteristics into account. Its development was based on 105 completely assessable patients from several centers. 9 Compared to our cohort, all these patients received various different treatments and thus are not comparable to the population of patients analyzed herein, because our cohort represents a highly selected population of patients supposed to benefit from an aggressive therapy like high-dose chemotherapy followed by auto-SCT. Of note, a recent investigation on elderly PCNSL patients (N= 174, ≥ 65 years) identified only age and performance status as outcome-determining baseline factors, whereas serum LDH, involvement of deep brain structures, and cerebrospinal fluid protein elevation had no impact on survival. 20 However, one needs to consider that there is some patient overlap with the cohort the MSKCC prognostic score was developed from. Thus the conclusion that tumor specific characteristics are not predictive for elderly patients in general, needs to be taken with care.
Some preliminary evidence [5] [6] [7] and our present analysis suggest that high-dose chemotherapy followed by auto-SCT in eligible PCNSL patients leads to high response and long survival rates. Granted, one may object that these eligible patients constitute a favorable prognostic subgroup, because of relatively young age and good clinical performance at diagnosis, which may lead to overestimating the effect of high-dose chemotherapy followed by auto-SCT. In fact, it was age (a cut-off at 65 years) that mainly influenced whether patients were put on track for high-dose chemotherapy followed by auto-SCT in our studies. 6, 7 However, most of the patients in this analysis were not categorized in the most favorable MSKCC prognostic group as one would have expected, but rather in the second (N=59).
Furthermore, although the decision to apply therapy or not is mostly driven by patient specific characteristics (e.g. age and performance), factors such as time of diagnosis and center policies need to be considered as well, because they may potentially imply an indication bias. For example, the threshold of treating elderly, but otherwise fit patients may have been different between centers, or the threshold may have been lowered over time in general. All these issues can have an impact on survival prognosis.
A recent publication of 31 patients reported no prognostic discrimination by the MSKCC score, which is similar to our findings. However, the IELSG score still distinguished between the 2 nd and 3 rd risk group in this previous report. 21 Rituximab is a standard agent for treating systemic B-cell lymphomas, 22 but in PCNSL, although already in wide use, the value of rituximab rests mainly on evidence from systemic lymphoma trials. It is now under investigation in two large ongoing randomized PCNSL studies (NCT01011920, NTR2427). In our analysis, the addition of rituximab does not seem to have an impact on overall and progression free survival. The response status (CR or PR) after completing induction treatment does not seem to greatly influence overall survival; however, in general, any estimation of survival based on response status needs to be regarded with caution, because response may be just a surrogate for prognostically favorable patients. 23 Because of this issue, we only provided estimates, but did not conduct statistical testing.
Our study has three limitations. First, even though this is the largest cohort to investigate prognosis and the impact of risk factors in PCNSL patients who underwent high-dose chemotherapy followed by auto-SCT, the number of patients is still relatively small, especially with respect to the suggested ratio of events per variable tested in the multivariable model. Second, the data quality of our cohort is limited due to its retrospective nature and associated missing values especially data on cerebrospinal fluid protein concentration, which were available in only 24 patients; therefore we decided to exclude this factor from the analyses and could not assign patients to an IELSG prognostic group. The rate of concurrent meningeal involvement detected by cerebrospinal fluid cytology examination is estimated to be 16%, whereby isolated leptomeningeal lymphoma only represents <5% of all PCNSL. The third limitation is that we are not able to report data of the "intent to treat population", the unselected group of patients considered to aim for high-dose chemotherapy followed by auto-SCT at time of diagnosis. Therefore, the question whether this treatment approach eliminates established risk factors cannot be answered with our dataset, because we would need such an unselected population of patients to be able to introduce appropriate interaction terms to a much more complex analysis.
In summary, prospective trials or cohorts are needed to gain better insight into particular lymphomaspecific and probably also patient characteristics that allow for risk stratification independently of the therapy applied. The benefit of high-dose chemotherapy followed by auto-SCT compared to whole brain radiation therapy is currently under investigation in randomized trials (NCT00863460, NCT01011920). Furthermore, a randomized multicenter trial to compare the high-dose chemotherapy followed by auto-SCT approach to a conventional intensive polychemotherapy regimen will start in 2013. Besides providing a higher level of evidence of the efficacy of high-dose chemotherapy followed by auto-SCT, these randomized trials will also allow us to analyze treatment-effect modifiers based on patient-or tumor-specific characteristics.
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